Proline accumulation is a well-known response to water deficits in leaves. The primary cause of accumulation is proline synthesis.
Induction of proline accumulation by water deficit is a wellknown, but little understood, phenomenon in plant stress physiology. Proline accumulation is caused primarily by increased synthesis from glutamic acid; the biosynthetic pathway is postulated to be analogous to that which converts glutamic acid to proline in Escherichia coli (21) . The first two enzymes of this pathway have yet to be defined in plant extracts. The third and final enzyme PCR,2 has been measured from several plant sources (12, 13) , and Krueger et al. (10) have purified it to apparent homogeneity from wilted barley leaves.
The subcellular location of proline biosynthesis has not been clearly established. The involvement of light in this process has been indicated. Noguchi et al. (17) have shown that inhibition of PSII inhibits proline synthesis in tobacco leaf discs. Rajaopal et al. (20) have shown that the pattern of proline accumulation in drought-stressed wheat parallels the pattern of diurnal change in light intensity. PCR activity has been reported in chloroplast-enriched fractions from tobacco 'Supported by U.S. Department of Agriculture Competitive Research Grants Office grant 85-CRCR-1-1671. 2 Abbreviations: PCR, A'-pyrroline-5-carboxylate reductase; MMT, Mes, Mops, Tricine; CAPS, 3-(cyclohexylamino)propanesulfonic acid; CHAPSO, 3-([3-cholamidopropyl]-diethylammonio)-2-hydroxy-l-propanesulfonate; GK, -y-glutamyl kinase; GPR, y-glutamyl phosphate reductase; TPDH, triose phosphate dehydrogenase. 581 leaves (16) , but Kohl et al. (9) found that in soybean root nodules this enzyme is in the cytosol and not in plastids. To obtain an indication of the subcellular location of proline biosynthesis in leaves, we have investigated the subcellular location of PCR, the only proline biosynthetic enzyme for which a reliable assay in higher plants is available. Our results indicate that, like many other amino acid biosynthetic enzymes, PCR is located in the chloroplasts. We have also compared the properties of PCR from leaves and from etiolated shoots and find that they are similar. 30°C . After 1 h, the digestion medium was aspirated and 10 mL of protoplast buffer was added to each dish. Protoplasts were released by gentle rocking and decanted into a beaker, then another 10 mL of protoplast buffer was added, and the remaining protoplasts were decanted. Protoplasts were collected by centrifugation in a swinging bucket rotor at 1 OOgmax for 1 min at 4°C. The supernatant was aspirated and discarded. Protoplasts were resuspended in 5 mL of chloroplast buffer (300 mM sorbital, 1 
MATERIALS AND METHODS

Assays
The following assays were performed as previously described. NADP+-dependent triose phosphate dehydrogenase was used as a stromal marker (1 1), Chl as a thylakoid marker (11) , Cyt c oxidase as a mitrochondrial marker (1), and catalase as a peroxisome marker (2) . The general PCR assay buffer contained 50 mMTricine-KOH ( Williams and Frank (26) . P5C-dependent NADH oxidation was measured at 340 nm. The extinction coefficient of NADH (6.2 mM-' cm-') was used to calculate PCR activity. Kinetic parameters were determined by iterative fitting of the Michaelis-Menten equation (25) .
Isoelectric Focusing
A modification of a previously described method (15) was used. Native isoelectric focusing was carried out in gels that were poured and run in a Mighty Small electrophoresis apparatus (Hoefer). Gels contained 4% (w/v) acrylamide, 0.0016% (w/v) methylene-bis-acrylamide, 1% (v/v) NP-40, 10% (v/v) glycerol, and 5% (v/v) Pharmalytes (pH 3-10). Gels were run at 200 V for 2 h followed by 400 V for 2 h. To locate PCR, gels were rocked for 2 h in 50 mL of 40 mM CAPS-HCI (pH 8.5), 100 mM L-proline, 1 mM NAD+, 1 mM Mg(OAc)2, 100 mM KOAc, 300 ,ug/mL nitroblue tetrazolium, 20 ,ug/mL phenazine methosulfate. This staining system gives purple bands by the reverse (proline dehydrogenase) reaction of PCR, which is active at pH >9. Two-mm-thick gel slices were also assayed spectrophotometrically for PCR activity in the forward reaction. Slices were incubated in PCR assay buffer for 15 h. Reverse activity of the same samples were measured spectrophotometrically as previously described ( 12) . In these assays forward PCR activity was fivefold greater than reverse activity.
RESULTS
Subcellular Localization of PCR Activity
A crude chloroplast suspension prepared from lysed protoplasts contained 25% of the PCR activity in the protoplast suspension (Table I ). The suspension contained comparable proportions of two chloroplast markers, NADP+-TPDH activity (15%) and Chl (19%). This result suggests that PCR may be localized in plastids; however, the suspension also contained significant amounts of activity of a mitochondrial marker enzyme, Cyt c oxidase (6% of total activity), and a peroxisomal marker enzyme, catalase ( 13% of total activity).
When this chloroplast-enriched preparation was fractionated by isopycnic Percoll density gradient centrifugation, the maximum PCR activity coincided with the maximum TPDH activity and Chl concentration (fraction 3, Fig. 1 ). There was almost no Cyt c oxidase activity in this region of the gradient, but some catalase activity was apparent. The proportion of catalase activity recovered in fraction 3 was only one-third the proportion of chloroplast markers and PCR recovered in that fraction (Table I ). The lower recoveries of Cyt oxidase and catalase indicate that fraction 3 contained lesser proportions of mitochondria and peroxisomes than of chloroplasts.
Moreover, the distribution of PCR activity in the gradient as a whole coincided more closely with the distribution of TPDH than with that of catalase or Cyt oxidase.
In three of seven replicate gradients (data not shown), PCR activity was prominent in the ruptured chloroplast region (fraction 17). This distribution suggests that PCR is associated with thylakoid membranes. Several nonionic detergents were added to the chloroplast lysis buffer to test their ability to dissociate interactions between PCR and thylakoids. The yield of PCR activity in the soluble faction from chloroplasts was increased twofold by NP-40, CHAPS, or CHAPSO (data not shown).
Whole etiolated shoots yielded 100-fold greater PCR activity than chloroplasts from green leaves. When etioplasts were purified from pea shoots on a Percoll gradient, PCR activity (42 nmol min-' mg protein-') was detected, but the yield was less than 1% of the PCR activity of whole shoot extracts. The yield of etioplasts was itself very low: only 1.3% of the total NADP+-TPDH activity of etiolated shoots was present in the etioplast fraction (102 nmol min-' mg protein-'). These results suggest that PCR is present in etioplasts, but do not provide conclusive evidence as to its subcellular distribution in etiolated shoots.
Kinetic Properties of PCR
The specificity of chloroplast PCR for pyridine nucleotide cofactors was investigated. At pH 7.5 and in the presence of 2 mM D,L-P4C, the enzyme had apparent Kms for NADPH and NADH of 0.12 mm and 0.19, respectively, whereas Vmax was greater with NADPH (0.19 Mmol min-' mg protein-') than with NADH (0. 15 ,umol min-' mg protein-'). The kinetic parameters of PCR from etiolated shoots were also examined. PCR from etiolated shoots had apparent Kms for NADPH and NADH of 0.1 mM and 0.43 mM, respectively. The Vma,, was greater with NADH (3.2 ,mol min-' mg protein-') than with NADPH (0.83 ,umol min-').
There were two pH optima for PCR activity in chloroplast preparations, at pH 6.5 and at pH 7.5 ( Fig. 2A) . These optima are also present in PCR prepared from etiolated pea shoots (Fig. 2B ) and similar optima were observed with both enzymes when NADPH was the substrate (data not shown).
Salt stress causes proline to accumulate (3, 8) . Light increases the Mg2+ concentration in the stroma in vivo (19) . The effects of salts on PCR activity were investigated to test the hypothesis that proline biosynthesis can respond to changes in ion concentration. One hundred mm KCI (Fig. 3 ) or 10 mM MgCl2 (Fig. 4) caused an approximately twofold increase in the PCR activity of both chloroplast and etiolated preparations. Potassium acetate, NH4CI, and NH4OAc stimulated PCR activity to the same extent as KCL (Table II) . Maximal stimulation was observed at concentrations between 50 and 100 mm KCI. Activity declined at concentrations above 100 mM; at 200 mm KCI, activities were only slightly higher than the control activity of the chloroplast enzyme increased to a maximum at 10 mM MgCl2 and did not differ between 10 and 20 mM (Fig. 4) . Activity of the enzymes from (Fig. 4) . Sucrose and sorbitol of osmolalities equal to that of 100 mM KC1 did not cause any significant stimulation (Table II) . Potassium acetate, ammonium chloride, and ammonium acetate stimulated PCR ac- tivity to the same extent as KCl (Table II) . Manganese chloride, calcium chloride, and magnesium acetate caused the same stimulation as magnesium chloride (Table II) . The effects of KCI and MgCl2 were not additive at concentrations that gave maximal stimulation alone (Table II) .
Isoelectric Focusing
Separation of the pH 6.5 and pH 7.5 PCR activities from etiolated shoots was attempted by native isoelectric focusing. One zone ofactivity (Rf = 0.44, pl 7.8) contained PCR activity (Fig. 5) . Activity of the reverse PCR reaction (P5C dehydrogenase activity, pH 9.5) produced bands of purple precipitate in the same region. The results were the same when NADP+ was the substrate.
DISCUSSION
Noguchi et al. (16) described the localization of PCR activity in a chloroplast-enriched fraction from tobacco leaves. Kohl et al. (9) , however, found that in soybean nodules, PCR was localized in the cytosol and not in plastids. The results in Figure 1 and Table I The bimodal pH curve for pea PCR is analogous to that reported previously for PCR in extracts from etiolated barley (Hordeum vulgare) and etiolated mung bean ( Vigna radiata), both of which give broad pH-activity curves with optima or shoulders at pH 6.4 and 8.0 (4). The bimodal pH curve was also observed when NADPH was used as the cofactor. The pH 7 minimum is not an artifact, because the pH profile was reproducible with batches of MMT buffer prepared three different times. The bimodal curve could be produced by a single enzyme or two isoforms. Ifthere are two forms in green leaves, both are probably present in chloroplasts. The ratio of the pH 6.5 to pH 7.5 activities in chloroplast-enriched preparations was equal to the ratio in whole etiolated shoot extracts. PCR in whole protoplast extracts from green leaves produced a broad pH curve. Activities at pH 6.5 and 7.5 were similar (data not shown), as in the chloroplast-enriched fraction and in etiolated shoots. There was no minimum apparent at pH 7.0, but the enzyme was difficult to assay precisely in whole protoplast extracts because of its low activity. This investigation focused on the PCR activity with the pH 7.5 optimum.
The native isoelectric focusing gel revealed only one region of PCR activity, with a pI of 7.8; the same pattern of PCR activity was detected with NADH and NADPH. Thus, it appears that if there are to isoenzymes in etiolated shoots, they have the same pI. An alternative explanation is that one of the isoenzymes is inactivated during native isoelectric focusing. This activity does not represent the activity of mtiochondrial proline dehydrogenase: the mitochondrial proline dehydrogenase is not active at pH 9.5 (4), and it does not donate electrons to NAD+. The genetic basis for the pH dependence of PCR activity remains uncertain.
The stimulation of PCR by salts is unclear but it appears to be a function of ionic charge. Because potassium ion concentrations in chloroplasts are normally around 100 mM, the enzyme should be fully active in vivo. Changes in stromal pH between light and dark occur in the range that includes the pH optima observed in this work. Stromal pH in the dark is approximately 7, corresponding to the trough in activity; stromal pH approaches 8 in the light, so that the pH 7.5 activity would function in the light. Proline synthesis occurs in leaves in both light and darkness (6, 16, 17, 23) , but is stimulated in light.
A role for proline as a redox shuttle molecule has been established for some mammalian tissues (20) and has been proposed for nitrogen fixing nodules (9) . The existence of such a shuttle mechanism in leaves needs to be investigated. If such a shuttle operates in leaves under nonstressed conditions, then the localization of PCR in chloroplasts would function to transport reducing potential to mitochondria in the form of proline. To test such a redox shuttle hypothesis, a mechanism that transports proline across the chloroplast envelope needs to be identified. An uncoupled redox shuttle mechanism would contribute to proline accumulation. If water deficit caused such a shuttle to become uncoupled by decreasing proline oxidation without decreasing proline synthesis, then proline accumulation could be a symptom of metabolic dysfunction. Because proline has biocompatible characteristics and proline accumulation is not toxic, metab- olism may be temporarily shunted in this direction until homeostasis is regained. Since the product of P5C reductase is proline, the results of this investigation provide evidence that, like many other amino acids, proline is synthesized in chloroplasts. It will be of considerable interest to determine whether the enzymes catalyzing conversion of glutamate to P5C have the same subcellular location.
